Abstract--Superconducting wind turbine generators having arc-shaped bulk superconductors as a magnetic shielding component in the rotor, superconducting coils for DC field generation and armature windings have been studied. Three-dimensional finite element analysis of electromagnetic characteristics of the machines has been carried out to design the machines and to evaluate their fundamental performance.
I. INTRODUCTION
The wind turbine market has been growing rapidly [1] . In particular, off-shore wind energy attracts greater attention recently, and the development of wind turbine generators of higher power rating becomes more important. Most of top-level high-power generators are direct-drive synchronous generators with very low speed and high torque, and therefore they tend to become very large [2, 3] . Superconductivity can be one of the key technologies to solve this problem, and a superconducting generator can be much more efficient, lightweight and compact than conventional generators [4] [5] [6] [7] .
More than twenty years have passed since the discovery of high temperature superconductor. Bi 2 Sr 2 Ca 2 Cu 3 O 10 (Bi2223) superconducting wire is now used for developing superconducting coils, cables and equipment in various fields [8, 9] . YBa 2 Cu 3 O 7-x (YBCO) superconducting wire or coated conductor has been intensively developed especially in the USA and Japan in recent years [10] [11] [12] , and its performance is approaching to a practical application level. It is expected that YBCO superconducting wire will become more competitive wire with lower cost and higher performance in the market years later. Furthermore, RE-Ba-Cu-O (RE = Y, Gd, Sm, Nd, etc.) bulk superconductors have good flux pinning characteristics and can be used as a strong magnet [13] or a good magnetic shielding material.
Superconducting machines are highly expected applications of high-temperature superconducting (HTS) technologies. Recent progress of high-performance coated conductor and bulk superconductor with strong flux pinning has enabled to design electric machines with higher power density than conventional machines. We have studied superconducting synchronous machines, which have arc-shaped bulk superconductors as a magnetic shielding component in the rotor, HTS coils for DC field generation (Fig. 1) , and armature windings. The bulk superconductors in the rotor are used as diamagnetic or magnetic shielding components, or can be used as a flux source if the initial magnetization of the bulk superconductors has been made.
Three-dimensional finite element analysis of electromagnetic characteristics of the machines has been carried out to design the machines and to evaluate their fundamental performance. 
II. HIGH-TEMPERATURE SUPERCONDUCTORS

A. Overview
Dependence of J C -B characteristics of YBCO and Bi2223 superconductors on the temperature T is shown in Fig. 2 , where J C is the critical current density and B is the magnetic flux density. The J C -B characteristics of Nb 3 Sn low-temperature superconductor at higher magnetic fields is also shown in Fig. 2 for reference.
Bi2223 superconductor is now available in the market and used in the research and development of magnets and electric machines. However, the critical current density J C decreases with increasing magnetic field as shown in Fig.  2 , and the application of Bi2223 superconductor for magnets is rather difficult at liquid nitrogen temperature (77 K). When Bi2223 superconductor is used for producing magnetic fields or used in higher magnetic fields, it should be cooled down to about 20-30 K. On the other hand, YBCO superconductor has good J C -B characteristics. Especially in the temperature range 
B. Bi2223 Wire
Bi2223 superconductor is the first generation hightemperature superconductor, and has been widely used for developing power cables, coils, magnets, electrical machines, etc. Although it seems that more effort for superconducting wire development has been put on the YBCO superconductor in recent years, Bi2223 superconductor still stands at the forefront of practical applications.
Sumitomo Electric Industries, Ltd. has developed Bi2223 superconducting wires for long since the discovery of this superconductor. After the introduction of the Controlled Over Pressure (CT-OP) sintering furnace in 2004, they succeeded in producing higher performance Bi2223 wire (DI-BSCCO) with higher critical current and mechanical properties [8, 9] . A conductor width of typical DI-BSCCO wires is about 4 mm and the critical current is as high as 180 A.
Normal DI-BSCCO wires have the maximum permissible tensile stress of about 130 MPa, which may not be sufficient for high magnetic field application. However, there is a conductor type reinforced with stainless steel tapes, which has higher mechanical strength. Its maximum permissible tensile stress has been improved to about 270 MPa. In 2007, the critical current has reached 218 A. A mass production technology for producing 2 km class DI-BSCCO wires has been established.
Although it is undeniable that most of the properties of Bi2223 superconductor are essentially lower than YBCO superconductor, Bi2223 is the only practical superconducting wire at this moment. Further development for higher critical current (density) and mechanical properties is strongly expected.
C. YBCO Wire (Coated Conductor)
YBCO superconducting wires have been intensively developed in the USA, EU and Japan in recent years [10] . SuperPower, Inc. [11] and American Superconductor, Inc. [12] have started supplying YBCO superconducting wires to the market, and they are used for development of power cables, magnets and electrical machines.
SuperPower The critical tensile stress is higher than 500 MPa and the yield strength is as high as 1200 MPa. The critical bend diameter is as small as 11 mm. Such nice mechanical properties enable the application to high magnetic field coils. Therefore, if the economic feasibility of the YBCO wires is improved and the wire supply increases, then YBCO wire will be used for a variety of applications.
In Japan YBCO superconducting wires have been developed in a national project, where a wire of I C = 350 A/cm and 504 m in length (176,400 m) was fabricated [10] . A project for application of YBCO superconducting wires to electric power apparatuses such as power cables, SMES and power transformers and the performance improvement of YBCO wires is now going on.
YBCO superconducting wire has the following features:
-Better J C -B-T characteristics -Future possibility of lower cost than Bi2223 wires -Higher mechanical properties -Relatively lower AC losses -Possible reduction of anisotropic J C -B characteristics
Better J C -B-T characteristics As shown in Fig. 2 , YBCO superconductor has much better J C -B characteristics than Bi2223 superconductor, and, in particular, there is a large difference between them in performance in higher magnetic fields at relatively higher temperatures. Although YBCO superconducting film is as thin as less than 1 Pm, the substrate is also thin and the total thickness is 100-300 Pm. So the engineering critical current density J e , which takes into account the substrate, etc., is high enough for application.
Higher mechanical properties YBCO superconducting wire uses mechanically strong materials such as Hastelloy for the substrate, and the thickness of the substrate is quite thin. Therefore, the wire has excellent mechanical properties. The critical tensile stress of YBCO superconducting wire is a few times as high as that of Bi2223 wire. Experimental data were reported which show J C does not change under the tensile stress up to about 700 MPa (Fig. 3) . A smaller minimum bend diameter is also an important parameter for coil winding. Lower AC losses A superconducting film on the substrate is very thin and, therefore, the AC loss under the AC magnetic field parallel to the conductor surface is very low. To reduce the AC loss for the AC magnetic field perpendicular to the surface, the scribing technique to cut the wire into several narrower wires is developed. Superconducting transformer coils and power cables are exposed to AC magnetic fields and, therefore, AC loss is a quite serious issue for their practical application.
Anisotropy
Both YBCO and Bi2223 superconducting wires have a large anisotropy in critical current characteristics, which are influenced by the direction of the applied magnetic field. When a magnetic field is given perpendicular to the tape surface, the critical current becomes lower than when it is parallel to the surface. Introduction of artificial pinning centers would enhance the critical current density of the wire and reduce the anisotropy. Such research and development are important for designing and fabricating high-performance high-field coils.
D. (RE)BaCuO Bulk Superconductor
(RE)BaCuO bulk superconductors have strong flux pinning force even at high fields and are expected to be used as a strong magnetic flux source. Trapped field of 26.5 mmI YBCO bulk superconductor reached 17 T at 29 K [13] , and that of 65 mmI GdBCO was 3 T at 77 K. A critical current density was higher than 10 9 A/m 2 even at 77 K, 3 T. Therefore, (RE)BaCuO bulk superconductors can be used also as a magnetic shielding material especially at low temperatures. In addition to the superconducting properties, sample size is also a key issue for magnetic shielding application of bulk superconductor. A 150 mmI class cylindrical plate of bulk superconductor was successfully fabricated, and there are no serious technical problems for fabrication of over 200 mm class bulk samples in the future.
III. SUPERCONDUCTING WIND TURBINE GENERATORS
As described in the last section, YBCO superconducting wires or coated conductor and (RE)BCO bulk superconductor exhibit high performance of superconducting properties. For wind turbine generators, we have studied superconducting synchronous machines, which have arc-shaped bulk superconductors as a magnetic shielding component in the rotor, hightemperature superconducting coils for DC field generation, which are shown in Fig. 4 , and armature windings. High-performance superconductors enable to design electric machines with higher power density than conventional machines.
The bulk superconductors can be used as a flux source if their initial magnetization has been made. This will improve the generator performance. However, for such usage of bulk superconductors, a magnetization procedure with complicated and independent temperature control of bulk superconductors and superconducting coils is necessary [6] . In this paper the bulk superconductors are assumed to be used only for magnetic shielding material.
A fundamental configuration of rotating DC field generation components for a superconducting synchronous generator was shown in Fig. 4 . It has 80 magnetic shielding components consisting of 160 bulk superconductors and generates a magnetic field with equivalently 80 poles. A few sets of the structure shown in Fig. 4 may be arranged in the axial direction for higher power generation. 
IV. PRELIMINARY ANALYSIS STUDY
For preliminary study of the generators with the rotor shown in Fig. 4 , a superconducting generator having four bulk superconductors in the rotor shown in Fig. 5 was first analyzed. There are HTS field coils, three-phase armature windings, and four arc-shaped bulk superconductors in the rotor. The bulk superconductors were arranged cylindrically with a space between adjacent superconductors. Two HTS coils are placed at either side of the superconductors. A fundamental analysis model of a generator using superconducting coils and bulks.
The oppositely directed electric currents flow in the coils to generate a cusp-shaped magnetic field. The bulk superconductors shield the magnetic field generated by the HTS coils and generate a stronger and a weaker part alternately in the rotating direction around a set of bulk superconductors as shown in Fig. 6 . The structure shown in Fig. 5 (b) generates an equivalently eight-pole magnetic field. The shape parameters of a, b, c, d, g, and D are shown in Fig. 5 (b) . In the analysis the defaults of these parameters were a = 80 mm, a + b = 220 mm, c = 80 mm, d = 40 mm, g = 20 mm, and D = 168 mm. The bulk superconductors were modeled simply as a diamagnetic material with a relative permeability of 10 -5 . In the superconducting generator shown in Fig. 5 the most characteristic point is the rotating DC magnetic field generation. So the rotating DC magnetic field was investigated. The current density of the HTS superconducting coil was assumed 200 MA/m 2 here. Fig.  7 shows B r -z characteristics along the z-directional line between the adjacent bulk superconductors, 20 mm away in the radial direction from the outer surface of bulk superconductors. Dependence of B r -z characteristics on a and c is shown in Fig. 7 . When a = 80mm and c = 80 mm, the magnetic flux density B r of about 2 T was obtained in the area of z = 0 -100 mm. The maximum magnetic flux density at the HTS coils was about 10 T, which is in the acceptable range. Fig. 8 shows the distribution of magnetic flux density B r on the analysis plane shown in Fig. 8 (a) and the dependence of B r -z characteristics on g. Although Fig. 8  (b) shows only a little dependence on g, the leakage magnetic field between the bulk superconductor and the HTS coil will cause the reduction of linkage magnetic flux of armature windings.
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V. FUNDAMENTAL DESIGN STUDY
Fundamental design study of the rotor for a superconducting wind turbine generator shown in Fig. 4 has been carried out. The rotor has high-temperature superconducting coils for magnetic field generation and bulks for magnetic shielding. Although there may be some types of armature configuration to be combined with the rotor, they will be investigated in the next stage of study. Table I summarizes basic parameters for fundamental design of superconducting wind turbine generators. The outer diameter of the rotor was 5.0 m. The number of poles was 80, thus the angle for one pole was 4.5 degrees. The dimensions of each bulk superconductor were about 200 mm in arc length direction, 200 mm in width and 40 mm in thickness. Diamagnetic properties of bulk superconductor for magnetic shielding were roughly approximated with a relative permeability of 10 -3 . One magnetic shielding component was composed of two pieces of bulk superconductors. The high-temperature superconducting coil had a cross section of 120 mm u 160 mm and its current density was assumed 150 A/mm 2 , which was a moderate value for high-temperature superconducting wires at about 20 K. Fig. 9 shows distribution of radial component B r of magnetic flux density in the air gap above the rotor where the armature winding should be placed. Fig. 9 (b) shows magnetic flux density B r in the area with one period in the rotating direction (T) and the minimum unit in the axial direction (z), which is shown in Fig. 9 (a) . The area is 50 mm above the rotor surface. The highest |B r | was over 3 T, and the effect of magnetic shielding material is well observed but there is leakage magnetic flux caused by the finite distance between the bulk superconductors and the analysis plane. Fig. 9 (a) . The magnetic flux density B r is strongly dependent on the distance from the bulk surface. For example, along the line 50 mm above, B r changes in the range of flux density from B min = 0.7 T to B max = 2.9 T. Although a lower B min and a higher B max are better for efficient generation of electricity, there is a limitation in an actual generator design. (B max -B min ) is an effective magnetic field variation.
No more than half of the rotor surface can be utilized for electricity generation. In addition, imperfect magnetic shielding (B min ) deteriorates the machine performance. These are essential demerits of this rotor structure. To overcome such demerits the improvement of (B max -B min ) is required,
The highest magnetic flux density in the rotor reached about 16 T on this design condition. Critical current density of high-temperature superconductors is still high enough even for magnetic flux density of 16 T under the temperature condition of about 20 K, and the current density of the superconducting coils can be still increased to higher than 150 A/mm 2 . However, electromagnetic force acting con the superconducting coils and bulks are rather high and mechanical design of these components becomes rather severe. Therefore, further design study or design optimization is needed to obtain higher performance of superconducting generators.
For generator performance evaluation the combination of the superconducting rotor and the armature windings should be considered. Distributed windings, concentrated windings, and other special windings for armature should be compared and their combination with the rotor should be studied.
VI. CONCLUSIONS
We have studied superconducting wind turbine generators that have arc-shaped bulk superconductors as a magnetic shielding component in the rotor, superconducting coils for DC field generation and armature windings. After a brief introduction of status of high-temperature superconducting wires and bulks, the rotor structure studied in this paper, preliminary analysis results and fundamental design study results were described. The 3D FEM analysis has revealed that further analysis study is needed to optimize the generator design and to compromise operational conditions and generator performance.
